Nador lagoon is a coastal system connected to the sea through a narrow and shallow inlet; understanding its hydraulic performance is required for its design and operation. This paper investigates the hydrodynamic impacts of the whole lagoon due to tidal waves using a numerical approach. In this study we use a two-dimensional, depth-averaged hydrodynamic model based on so-called shallow water equations solved within triangular mesh by a developed efficient finite volume method. The method was calibrated and validated against observed data and applied to analyze and predict water levels, tidal currents, and wind effects within the lagoon. Two typical idealized scenarios were investigated: tide only and tide with wind forcing. The predicted sea surface elevations and current speeds have been presented during a typical tidal period and show correct physics in different scenarios.
Introduction
An understanding of the physical oceanography of coastal areas provides a foundation for the study of processes such as hydrodynamics, as well as a basis for effective management of the coastal zone. Integrated water management of endangered coastal areas could be able to restore their ecosystems. Numerical models have been developed and applied to coastal areas, in order to simulate hydrodynamic and environmental processes. These models constitute an administrative tool for decision makers in order to apply the right measures to restore the endangered coastal environments.
Coastal lagoons are areas of shallow, coastal water, wholly or partially separated from the sea by sandbanks, shingle, or, less frequently, rocks. Lagoons show a wide range of geographical and ecological variations. The most important of them in Moroccan coasts is Nador lagoon.
Nador lagoon is located on eastern coast; recently, it has been the subject of many investigations on water quality, currents, flora, fauna, fishing, and aquaculture [1, 2] . Most of these studies deal with the environmental aspects of the lagoon such as biological [3] and geochemical impacts [4] . However, to the best of our knowledge, there are no research studies on the modelling of hydrodynamics in the Nador lagoon.
In the literature there are some examples of hydrodynamic estimation in coastal lagoon, among others; Brenon et al. [5] determine the effects of tidal influenced hydrodynamics on the water circulation in the Ebrie lagoon using a vertically averaged two-dimensional model and present case tests that explore the effects of trade winds and of large river discharges; Ferrarin et al. [6] develop an application of a 2D finite element model to the lagoons of Marano and Grado simulating the current regime and the salinity distribution in order to derive a hydraulic regime-based zonation scheme. Recently, Serrano et al. [7] describe the tidal hydrodynamics in a coastal lagoon with two inlets, using a two-dimensional numerical model, calibrated with records of sea levels and tidal currents; their model is applied to study the impact and changes of hydraulic regime in the presence of two efficient inlets.
The aim of this paper is the application of a developed 2D finite volume method to the Nador lagoon, based on the well-established shallow water system including bathymetric forces, Coriolis effects, friction terms, and eddy-diffusion stresses, simulating the impact of wind and tidal waves on the hydrodynamics circulation in Nador lagoon; here the flow is forced by the components of semidiurnal tidal at one real inlet. Recently, the same model has been widely used as shown, for example, in Lovato et al. [8] and Panda et al. [9] . The calibration, followed by validation, of the hydraulic model is the first step of its use. It is to simulate a given period and to compare the outputs of the model with observation by adjusting the Manning coefficient in numerical model. For model calibration, numerical simulation of water level throughout lagoon has been made during the period of May 2014; good agreement is obtained between the water levels and simulated ones. Circulations of the whole basin are then investigated with different conditions of tidal flow at inlet and wind.
Material and Method
2.1. Description of the System. The Nador lagoon is the second lagoon complex of northern Africa (115 km 2 ), the broadest paralic environment of Morocco, and the only one located along the Mediterranean coast of this country. It comprises a broad area bounded to the northwest by the Beni-Ensar city, to the southeast by the village of Kariat Arekmane, and to the southwest by the northern extremity of the BouAreg plain (Figure 1 ). This lagoon is protected by northwest and southeast elongated sandy spit (25 km length), with an average width between 300 m and 400 m (2 km near the southeastern corner) and a small height less than 8 m, only interrupted by an artificial inlet limited by two jetties that communicates it with the Mediterranean Sea named Boukhana inlet. The external hydrodynamics of this coastal area depend on the tidal regime, the littoral drift currents, and the prevailing waves. The tidal regime of the Mediterranean region is microtidal and semidiurnal, and the sea surface level changes reaching 0.35 m near the lagoon inlet [10] .
Hydrodynamical Model.
State the relative shallowness of the lagoon in relationship to its surface area and its length; inviscid shallow water equations were used to simulate sea surface elevations, current fields due to tides, and storm surge and investigate the responsible forcing mechanisms [11] . The depth-averaged approach is believed to be adequate in estuaries that are not strongly stratified; if the vertical velocity variations are limited on the evidence of density surveys, the potential contribution to the mean flow of this forcing mechanism is negligible and the fluctuations in horizontal pressure are principally due to fluctuations in water level and are therefore barotropic. The effects of the Earth's rotation are very weak due to the small dimensions of the basin, so Coriolis forcing also has not been taken into account.
Based on the simplifications described above, the primitive form of depth-integrated governing equations includes a continuity equation and momentum equation in each of the and directions which are defined as follows:
where ℎ is the water depth, and V are the depth-averaged velocities in the and directions, respectively, is the gravity constant, is the water density, and and are the bed shear stress friction forces in the and directions, respectively, defined by the depth-averaged velocities:
where is the bed friction coefficient. The surface stress is usually originated by the shear of the blowing wind and is expressed as a quadratic function of the wind velocity:
where is the coefficient of wind and = ( , ) is the velocity of wind.
Finite Volume Method.
In the present study, a numerical model has been used to simulate the hydrodynamics behavior of Nador lagoon. The finite volume method is used to solve governing equations (1) discussed above, while using an unstructured triangular mesh (see Figure 2) . A cell-centered finite volume method approach is used in this model, in which the average values of conserved variables are stored at the center of each cell with the edges of a cell defining the interface between this cell and the neighboring cells. In the current model, schemes and techniques whose robustness is widely recognized were used: especially, the Roe-MUSCL scheme for computing convective flow fluxes and Vázquez scheme for treatment of the term source. This model is initiated and developed by Elmahi et al. in [12] and refined and tested in real and complex areas by Chaabelasri et al. in [13] [14] [15] [16] .
To simplify, the above hydrodynamic equations can be written in a matrix form as follows:
Herein
are the vectors that, respectively, contain the flow variables, the fluxes in the two Cartesian directions, and the source terms. In the context of triangular finite volumes, the integral around the element is written as the sum of the contributions from each edge, such that
where U is the vector of conserved variables evaluated at time level = Δ , is the number of time steps, Δ is the time step, Γ is -edge, ( ) is set of neighboring triangles of cell , | | is the area of cell , and n is unit vector normal to Γ pointing towards cell . To evaluate the state U +1 , an approximation is required of the convective flux terms at each edge of the cell. To evaluate the integral along the -edge of a control volume of the normal flux F(U , n) = F + G an upwind scheme based on Roe's approximate Riemann solver is employed [14, [17] [18] [19] . At each cell edge the normal flux is as follows:
where and are the right and left eigenvector matrices of the flux Jacobian evaluated using Roe's average state U and |A| is a diagonal matrix of the absolute values of the eigenvector of the flux Jacobian matrix [14] . The evaluation of source terms in (5) is carried out such that the discretization of the source term is well balanced with the discretization of flux gradients using the concept of Cproperty [20] . The upwinded approximation of source term replaced by numerical source vector is given by
where I is the identity matrix, A(U, n ) is the Roe flux Jacobian, and S represents an approximation of the source term on the cell interface. Once more we refer to [14] for more details about used numerical schemes.
Finally, the stability criterion adopted has followed the usual in explicit finite volumes; the time step is set according to the Courant-Friedrichs-Lewy (CFL) criterion equal to 0.65.
Numerical Setup.
The numerical computation has been carried out on a spatial domain that represents the lagoon of Nador through a finite volume grid which consists of 8075 triangular elements and 14042 nodes. The bathymetry of the lagoon, obtained by combining several data sets, has been interpolated onto the grid. The finite volume method allows for high flexibility with its subdivision of the numerical domain in triangles varying in form and size. It is especially suited to reproduce the geometry and the hydrodynamics of complex shallow water basins such as the Nador lagoon. The principal hydraulic forcing of the Nador lagoon is the tide and the wind. The main astronomical tidal constituents in this lagoon are semidiurnal 2 , 2 , and 2 tides [21] ℎ ( ) = ℎ ( = 0) + ∑ cos ( + ) ,
where is the wave amplitude the angular frequency and the tide phase of th tidal constituent, noting that , = Figure 3 showing a success agreement. Moreover, calculated RMSE for both cases is less than 14%.
Results and Discussions
In order to achieve a stable time-periodic solution, the model was run for further 5 days, forced by 2 , 2 , and 2 semidiurnal tidal components. After reaching the stable time-periodic regime, experiments were carried out for three scenarios of a typical tidal cycle with different wind forcing. Firstly, we analyzed the calm case. Then, western and eastern wind forcing cases are considered. In each instance, we treated the wind as steady and homogeneous to show the resulting water circulation. Table 1 summarizes the parameters used in simulation runs.
Tide Currents Speed and Elevation.
In the first case only the tidal forcing is considered and no wind is prescribed. The numerical simulations are presented in Figure 4 that shows four snapshot states of the sea surface level in Nador lagoon corresponding to one typical period. Significant changes in sea surface level are confined to the local area of lagoon. The value of sea surface elevation is reduced significantly greatly near the inlet and reduced inside the lagoon. The values oscillate from a maximum of 70 cm to a minimum of −20 cm compared to reference state, during the selected typical tidal, without exceeding a difference of approximately 10 cm between the maximum and minimum height in each Wind drag coefficient 1.14 ⋅ 10
measure. Hence, it can be concluded that the tidal forcing at inlet is able to induce sea surface level oscillations within the lagoon. The water exchange between lagoon and ocean should be mostly produced by this level of oscillations.
To quantify the speed spreading of the waves and more behavior understanding, velocity fields and their magnitudes are presented for the hole basin in Figure 5 . Also, a time series of computed current velocity at Boukhana inlet in one typical tidal period are presented in Figure 6 . It is clear that the flow speeds are great near the inlet and in the inside of the lagoon, the speeds are reduced during the tidal cycle, and the great circulation is formed. Tidal gradients at the inlet set up high tidal currents, reaching about (2, 2-2.4 ms −1 ) and (1, 5-2 ms −1 ) in the flood and ebb time, respectively, at the inlet which decrease progressively along the south/north shores of the lagoon. Further, the circulation comprises three principal gyres, the sense of gyres is both cyclonic and anticyclonic, and also other small gyres are distributed far in inlet in the edge, in the southeast and in the northwest of the lagoon. Physically, these gyres are the consequence of the cooscillations with tidal waves propagation in the neighboring sea or ocean and to rapid dissipation of the tidal energy.
From environmental viewpoint, certainly, the spatial variability in water circulation was controlled by the intricate geometry of the lagoon, which influences and modifies the current pattern, but also, this result shows a relation to the current tide structure which, during the period analyzed, was controlled by sea water. The spatial variability of water circulation has a noticeable influence in the risk assessment of water pollution in the lagoon. Thus, careful characterization of water renewal is necessary, in order to implement a methodology of risk assessment for environmental management.
Tide and Wind Induced Circulation.
In this study, the wind is imposed from the east on one hand and the west on the other hand. Its intensity is 2 m/s −1 . When the tidal forcing is supplemented by the wind action, the lagoon circulation changes radically. Figure 7 represents a numerical comparison of current speed between the no wind case and wind cases. The most noticeable lagoon response to the northeast wind forcing was the deformation of numerous permanent circulations in different areas of the lagoon according to the sense of wind direction. Moreover, the wind affects the whole lagoon surface and is capable of inducing some gyres formation in the central and northern sectors. These gyres rotate in a clockwise direction and are connected to each other. Hence, it can be concluded that the gyres are formed because of the depth gradient in these regions, implying that bottom topography plays an important role in determining the circulation within the main body of the lagoon local water 7 movements. Still, this does not imply water exchange with the sea.
Conclusion
This paper has presented the application of comprehensive hydrodynamic numerical procedure, specifically conceived for shallow water modelling, to the Nador lagoon. Through this numerical model, simulations of the effect of tide and wind on water current of the lagoon are carried out. The numerical results show correct physics in different test regimes. The influence of different winds forcing on the water circulation has also been discussed. Nevertheless, flows in such complex domains can be computed, providing correct physics without the need for generating adaptive grids or complicated reconstruction of numerical fluxes. Overall, the method shows reasonable accuracy while ensuring the required properties of the shallow water flows. Finally, much more efforts are required. The model calibration with experimental or observed data will be a challenge for future studies.
Symbols ℎ:
Total depth from the sea bed to the free surface (m) , V:
Cartesian T i m e( s ) , :
Cartesian horizontal distances from origin.
